Abstract. During rehabilitation for Parkinson's disease, physical therapists often utilize visual or auditory guidance to facilitate movement in patients. However, the neural mechanism involved in these procedures is unclear. Goldberg (1985) proposed an internal and external loop of motor control that is supported by much physiological evidence from primate research. However, brain imaging studies are insufficient to verify this hypothesis. In this study, we scanned eleven right-handed healthy subjects by functional magnetic resonance imaging while they performed (1) self-initiated finger-to-thumb opposition movements once every second and (2) identical movements externally triggered by the sound of a metronome. With the externally triggered movements, activation of the cerebellum and temporal gyrus was observed to decrease, and that of the premotor cortex and parietal cortex was observed to increase. We concluded that the cerebellum and supplementary motor area constitute a part of the internal loop, while the premotor cortex and parietal cortex are involved in the external loop.
INTRODUCTION
Parkinson's disease, a degenerative disease of the central nervous system, causes an unusual movement known as "paradoxical movement." Patients, although impaired, can sometimes move effectively under visual or auditory guidance. Thus, the gait of Parkinson's patients is improved by painting white lines or placing small obstacles across the path and asking the patient to step over the lines or obstacles. However, little was known of the details of this mechanism until the latter half of the twentieth century.
In 1985, Goldberg postulated the existence of internal and external loops of motor control. The internal loop is preferentially involved in the generation of internally driven movements rather than sensory-guided movements, and it is considered to include the basal ganglia and the supplementary motor area (SMA). On the other hand, the external loop is believed to include the cerebellum, parietal cortex, and lateral premotor cortex (PMC) 1, 2) . This hypothesis is supported by much physiological evidence from primate research. However, brain imaging studies are insufficient to verify this hypothesis. The aim of the present study was to investigate whether the external loop is activated by external cues during finger-to-thumb opposition movements.
SUBJECTS AND METHODS

Subjects
Eleven healthy subjects (7 males and 4 females, mean age=27.4, range: 20-45 years) participated in the present study. Their informed written consent was obtained. All participants were right-handed as determined by the Edinburgh Handedness Inventory (lateralization index=100%), and none of them reported a history of any neurological or psychiatric diseases. The experiment was approved by the Tokyo Metropolitan University Ethics Committee.
Motor tasks
The subjects lay supine with their heads fixed to a headrest. During the task, they closed their eyes and rested their arms alongside their bodies. The task involved finger-to-thumb opposition movements in the following order: the middle, index, ring and little fingers. The task was a block design as follows: right hand-rest-left hand-rest (repeat twice). The task was for 40 seconds in each block. The task involved self-initiated movements once every second (voluntary movements) and a repetition of the movements on receiving an external trigger, the sound of a metronome (auditory guided movements).
Recording procedure
The subjects lay supine with their eyes closed in a 1.5-T scanner (Signa Horizon, GE). We used an echo-planar imaging sequence (matrix=128 × 128, TR=5,000 ms, TE=90.5 ms, flip angle=60°, FOV=240 mm, slice thickness=6 mm). The highresolution MRI data that was obtained with a T1-weighted 3D turboflash sequence (matrix=256 × 256, TR=26 ms, TE=2.4 ms, flip angle=30°, FOV=24 mm, slice thickness=2.3 mm) served as the anatomical reference for the functional images.
Data processing
The functional images were post-processed using t h e S P M 9 9 s o f t w a r e p a c k a g e ( W e l l c o m e Department of Cognitive Neurology, London); motion realignment of the functional images, coregistration with structural data, and smoothing with a 10-mm Gaussian filter were carried out. To correct for multiple comparisons across the brain volume, an extension threshold was introduced at the cluster level (p<0.05). In order to determine the a n a t o m i c a l a c t i v a t i o n , f M R I m a p s w e r e superimposed on the transverse section of the structural MR images. We determined the activation as increased, no change or decreased. Furthermore, we normalized the functional images, and the data obtained was superimposed on the normal brain images. We chose five interesting points each in the SMA, the sensorimotor cortex (SMC), the PMC, and the cerebellum. At each point, the T-value was measured, and these values were used in a second-level analysis by the MannWhitney test using SPSS ver.14J. 4 show an example of activation in a 20 years old male. Table 1 shows the areas that were activated during the voluntary movements and auditory guided movements. During the voluntary movement of the right hand, among the 11 subjects, the cerebellum was found to be activated in 7, the temporal gyrus in 6, the SMA in 6, the PMC in 5, and the parietal cortex in 5. During the voluntary movement of the left hand, among the 11 subjects, the cerebellum was found to be activated in 8, the temporal gyrus in 6, the SMA in 8, the PMC in 8, and the parietal cortex in 4.
RESULTS
Figures 1-
Auditory guidance resulted in a decrease in the activation of the cerebellum, temporal gyrus, and SMA. Thus, the cerebellum activation in 7 subjects with right hand and 8 subjects with left hand during voluntary movements were reduced in the 7 and 4 subjects, respectively, after auditory guidance. Similarly, following auditory guidance, the activation of the temporal gyrus in 6 subjects with right hand and 6 subjects with left hand were decreased 5 and 4 subjects respectively. Finally, the activation of the SMA in 6 subjects with right hand and 8 subjects with left hand were decreased in 5 and 4 subjects respectively.
Conversely, auditory guidance resulted in an increase in the activation of the PMC and parietal cortex. Following auditory guidance, the activation of the PMC increased or occurred in 5 and 6 of the 11 subjects during the voluntary movements of the right and left hands, respectively. The activation of the parietal cortex increased or occurred in 4 and 7 of the 11 subjects during the voluntary movements of the right and left hands, respectively. Tables 2 and 3 show the statistical results that were obtained for the points of interest. Table 2 shows the results for the right hand. Activation of the medial region of the right cerebellum, lateral region of the cerebellum and the left SMA decreased significantly under auditory guidance. Table 3 shows the results for the left hand. Activation of the lateral region of the left cerebellum, the left SMC, and the right SMA decreased significantly under auditory guidance. Activation of the left PMC increased significantly under auditory guidance.
DISCUSSION
Goldberg proposed an external loop that includes the cerebellum, parietal cortex and the lateral PMC. This loop is dominant during visually guided movements. Furthermore, it is a part of a system that is responsible for recognizing and associating motivational significance with external objects, and it operates in a responsive mode in which each action depends on an explicit external input. The internal loop includes the basal ganglia and the SMA. It is dominant during self-guided, welllearned movements. This loop operates in a "projectional" mode, a mode that proceeds by predictions that are derived from an internal model of the world that is formed based on previous experience and facilitates the creation of a probabilistic model of the future. In this study, the cerebellum, temporal gyrus, SMA, PMC, and parietal cortex were activated during self-initiated movements. Furthermore, the activation of the cerebellum, temporal gyrus, and SMA decreased, while that of the PMC and parietal cortex increased with auditory guidance.
Premotor cortex (PMC)
In present study, the PMC was observed to be activated during externally triggered movements. This is consistent with Goldberg's hypothesis that states that the PMC is a part of the lateral loop that depends on an explicit external input. The PMC activated in the preparatory set 3) . In a primate study, the premotor neuron, which is a directionally selective set-related neuron, had significantly higher activity in externally induced tasks than in self-initiated ones when provided with visual external cues 4) . Further, in a human study, Deiber et al. reported that the PMC was more active in the triggered mode than in the self-initiated one 5) . Thus, the PMC must be a part of the external loop.
Cerebellum
The activation of the cerebellum decreased in 7 and 4 of the 11 subjects during the externally triggered movements of the right and left hand, respectively. Furthermore, the T-value for the cerebellum decreased significantly. These results appear not to support Goldberg's hypothesis. However, Lewis and his colleagues reported other data after their investigation of 10 right-handed subjects. The task was to tap the right index finger synchronized with auditory cues. Their results showed that the cerebellum displayed higher activity in the absence of an auditory pacer than in synchrony with an external auditory cue 6) . Sakai also reported that the cerebellum, particularly the lateral region, displayed higher activity during random omission of the auditory cue than during regular omission of the auditory cue 7) . Recent studies have reported that the cerebellar activity may increase during cognition tasks. Kim examined the difference in this activity during the simple movement of pegs and while a pegboard puzzle was being solved. The activation was considerably greater while the pegboard puzzle was being solved 8) . Parsons examined 7 right-handed subjects. The task was to solve a visual task by mental modeling. It was observed that the cerebellar region was activated during mental modeling to solve the task, whereas the primary somatosensory and motor cortices were not involved 9) . These results indicate that the cerebellar activity is higher during cognition tasks. Moreover, as described in Goldberg's hypothesis, the cerebellum is a part of the lateral loop that is responsible for recognizing and associating motivational significance with external objects 1) . In our study, the activation of the left cerebellum decreased significantly during the auditory-guided movement of the left hand, which we presume does not require sufficient cognition. Therefore, the cerebellar activation was observed to decrease during the simple sound triggered movements.
Supplementary motor area (SMA)
Deiber et al. reported that the mesial motor area (the SMA and cingulate zone) was activated during both self-initiated and visually triggered tasks; however, the self-initiated tasks were carried out more efficiently than the visually triggered ones 5) . Our results were consistent with that study. The activation of the SMA decreased in 5 of the 6 subjects during the right hand movement and in 4 of the 8 subjects during the left hand movement. Roland reported that the SMA is the programming area for motor subroutines and that this area forms a queue of time-ordered motor commands before voluntary movements are performed 10) . The present study revealed that the SMA plays a role in the development of the intention-to-act, which is consistent with Goldberg's hypothesis 1) .
Basal ganglia
In subhuman primates, the so-called motor circuit originates in various frontal areas and projects to the input stage of the basal ganglia. There are two pathways involving the basal ganglia: one is direct, while the other is indirect. The direct pathway provides positive feedback to the precentral motor fields in relation to the movements, while the indirect pathway provides negative feedback 11) . Thus, basal ganglia are considered to control voluntary movements. In some studies, the basal ganglia were observed to be activated during finger tapping. In Muller's study, the contralateral putamen was activated in healthy subjects, while the thalamus was not 12) . In Riecker's study, eight healthy subjects performed finger tapping at different speeds, and the caudatum, thalamus, and pallidum were observed to be activated; however, this was not in proportion to the frequency of tapping 13) . Basal ganglia also play an important role in the execution of movements and will therefore be activated during movement. However, in this study, only a few basal ganglia were observed to be activated. Therefore, basal ganglia may be activated during more complex tasks, while simple tasks like those in our study do not involve their activation.
Comparing the right and left hands, the left hand T-value of ipsilateral SMC and SMA were stronger. Kawashima measured regional blood flow (rCBF) with positron emission tomography (PET) during hand movement. He reported that the nondominant hand elicited significant ipsilateral increase in rCBF in the motor area 14) . Andrew reported that left hand motor tasks activated the ipsilateral hemisphere significantly more than right hand tasks did 15) . Our results agree with these studies. More effort was needed for the left hand task than the right hand task. So more activations are needed for left hand movements.
Our resul ts are in li ne with Goldberg's hypothesis, except with regard to the cerebellar activation pattern. However, if cerebellar activation depends on cognition, simple tasks such as those that were performed in the present experiment may not activate the cerebellum. 
